Abstract
Oxygen reduction
with the aid of a number of FeNPcfl-2) impregnated carbon supports in sulphuric acid solutions has been investigated.
Loading of the carbon samples amounted to about 10 wt.%. After a 10 day stay in the aerated solutions the samples were investigated with rotating disk electrode and X-ray photoelectron spectroscopy techniques.
The [3] . These l To whom correspondence should be addressed.
calculations show that the energy gap (AE) between the dr(dxz, dy,) orbitals of the metal ion and the ligand lowest unoccupied molecular orbital is the same for all the ligands mentioned.
However, the electron density on the metal centre in the porphyrin case is higher than in the case of FePc or FeNPc (2) (3) . A high r electron density seems favourable for the reduction of O,, so the highest reactivity is predicted for porphyrins.
We consider that, in predictions regarding reactivity, the role of the supporting material also has to be taken into consideration.
The aim of this paper is to investigate the influence of the texture of carbon black supports with respect to their influence on the electrocatalysis of the reduction of molecular oxygen. Interaction between catalyst and support can be influenced considerably by a thermal treatment. [12] showed that a mixture of porphyrins deposited on Vulcan XC72, followed by pyrolysis at 800°C possesses an activity comparable with that of platinum, albeit with an overall electron exchange number of 2.7. Results obtained for thermally treated and FeNPc(2-3) on Norit BrX also stress the importance of a preserved Fe-N, unit if high activity is wanted [lo] . In this paper we shall compare the interaction of FeNPc(l-21 with carbon blacks as a function of the measured dibutylphthalate (DBP) surface. It should be noticed that DBP adsorption characteristics are not used for active charcoals in the literature.
These results will be compared with those obtained for impregnations on the active charcoals Norit BrX and SA Plus. With the hope of distinguishing any surface texture effect we have chosen an active charcoal (Norit SA plus) with a Brunauer-Emmett-Teller (BET) surface area of 1000 m2 gg' similar to that of Printex XE2 (carbon black). The amount of iron found by atomic absorption spectroscopy and the corresponding loadings are given in Table 1 for the four series of impregnations.
(IIbj Electrochemical set-up
The electrochemical apparatus is identical to those described recently [10, 13, 14] . The electrolyte consists of a solution of sulphuric acid (0.25 M H,SO,). The surface area of the electrode is 0.125 cm2. The potentials are quoted with respect to the reversible hydrogen electrode (RHE).
The experiments consist in the recording of the I-E curves at a constant scanning velocity of 1.5 mV s-' for different rotation frequencies and in voltammograms on stationary electrodes at different scanning velocities.
Also, different impregnations after a 10 day stay in aerated sulphuric acid media were investigated (see below). The samples were examined before and after heat treatment at 500°C for 2 h under nitrogen.
(IIc) Electrode preparation
The syntheses and impregnations of the mixture of FeNPc(l-2) isomers were fully described and characterized in previous papers [10, 13, 14] . The electrode preparation on the disk is also identical to those reported in these papers.
By thermogravimetry, the stability of supported and unsupported naphthalocyanine compounds at 600°C under nitrogen was observed.
(IId) XPS experiments
In order to obtain an insight into the influence of the substrate on the electrocatalytic behaviour of the mixture of FeNPc(l-2) isomers, XPS investiga- show I-E curves for the oxygen reduction with non-treated and treated FeNPc(l-2) impregnations at 64 rev s-l. Comparison of these figures shows the beneficial effect o-f the thermal treatment which is especially distinct in the case of Printex XE2. We chose this carbon black for investigation in more detail. We mention here that the heat-treated samples on Printex XE2 exhibit a similar activity to those on Norit BrX.
In both Printex XE2 cases (heat treated or not), linear plots of E vs. log[ I/( I, -I)] can be traced with a slope of loo-105 mV per decade. From these curves it is possible to calculate the ratio of the increase of the kinetic constant or of the active sites which follows the heat treatment as 2.3. It equals the current ratio at constant E.
(IIIb) Rotating disk electrode (RDE) results for heat-treated FeAY'c(I-2)
on Printex XE2 Figure 3 shows I-E curves at several rotation frequencies.
These curves have been corrected for residual currents that were recorded under a nitrogen atmo- 
(MC) RLIE results for heat-treated FeNPc(l-2) on Printex L
In this case no limiting current is observed (Fig. 4) . The data were collected in so-called Koutecky-Levich plots [16] (l/Z vs. o-'j2). From this plot the overall exchange number is calculated to be 3.5 and according to ref. 17 the KouteckyLevich plots which were found are characteristic of a reaction mechanism with a limiting adsorption step, in our case between dioxygen and the FeNPc(l-2) catalyst layers.
(ZIId) Voltammetric results

Voltammograms
recorded under a nitrogen atmosphere for FeNPc(l-2)/Printex L and FeNPc(l-2)/Norit SA Plus combinations, whether thermally treated or not, did not exhibit any peak. In the case of thermally treated FeNPc(l-2) on Printex XE2, however, two peaks were observed (Fig. 5(a) ). In the presence of oxygen a hump identical to that reported for the Norit BrX case appears. On the basis of these voltammograms a redox mechanism can hardly be invoked since the position of the cathodic peak is at a potential negative with respect to the beginning of 0, reduction.
The curves depicted in Fig. 3 are obtained after subtraction of the residual current recorded under N,. However, the voltammograms displayed in Fig. 5 (b) have not been corrected from the corresponding voltammograms recorded under N,. They correspond to a stabilization after several scans. These results emphasize the formation of an 0, adduct on the catalyst surface. Under N,, FeNPc(l-2) powder (without any reveals a single peak located at 398.9 eV. After a compact peak at 400.3 eV appears. 
(IV%) N,, spectra of differently non-treated FeNPc(1 -2) impregnations
The N,, spectra of non-treated samples are given in Figs. 6(a), 6(b) and 6(c), corresponding respectively to Printex XE2, Printex L and Norit SA Plus.
In the case of Printex XE2, two components located at 400.4 and 398.6 eV are clearly visible with a ratio Z,,,~,/Z,,,,~ = 0.60.
In the Printex L case, a shoulder can be detected at 400.3 eV; the peak at 398.6 eV remains intense with an intensity ratio I,,,,JZ,,,,, = 0.33. In contrast to the two preceding cases, two components located at 400.1 eV and 398.6 eV are clearly visible in the case of Norit SA Plus.
(WC) N,, spectra of differently treated FeNPc(l-2) impregnations
In the case of treated FeNPc(l_2)/Printex L and FeNPc(l-2)/SA Plus, the influence of the heat treatment seems to be negligible.
However, in the case of thermally treated Printex XE2, a broadening of the N,, peak is observed with an intensity ratio Z400_4/'Zs98_7 which drops from 0.60 to 0.50 (Fig. 7) . It has to be pointed out that the improvement in the electrochemical activity is accompanied by an increase in the electronic density on the inner nitrogen atoms as would be expected from the variation of the Z40,,4/Z398,7 ratio.
By comparison, with treated FeNPc(l-2l/Norit BrX [lo] two components located at 400.4 eV and 398.7 eV are clearly detected. The peak at 400.4 eV is slightly more intense in the case of Norit BrX impregnations. 
(IVd) Fe,, spectra on differently treated and non-treated FeNPc(l-2) impregnations (IVdl) On treated or non-treated Printex L
The Fe,, spectrum is relatively wide, going from 706 to 711 eV. It can be interpreted as a mixture of iron atoms exhibiting valencies from Fe0 to Fe3+ (Fig. 8) .
(IVd2) On treated or non-treated Printex XE2 impregnations
On both samples, one can observe the same spectra with a peak located at 709.8 eV which is characteristic of the Fen valency (Fig. 9 ).
(ZVd3) On treated or non-treated Norit SA Plus
The presence of iron has not been detected with Norit SA Plus (inactive). forms. The C : N ratio is greater than 6 (number of carbon atoms divided by the number of nitrogen atoms in the FeNPc molecule), yielding therefore an evaluation of the number of atomic layers existing on the substrate surface.
(IVe) Atomic ratios for various FeNPc(l-2) impregnations
With A, the electron mean free path in the carbon substrate, being about 20-25 A [20] and s, the thickness of a layer, being 3.5 A, the following expression [21] can where A, is the BET surface area of the substrate, n the number of atomic layers, Z, the intensity from a very thin layer, Z,, the intensity from the bulk material, I the loading (in weight per cent of the element), r the roughness factor of about 4 [21] and d the density of the element, which is about 2.
According to the values in Table 2 and the BET surface area, we obtained in the case of Printex XE2 and Printex L 12 = 2 and n = 1 for heat-treated Printex XE2 samples. In these samples the greater value of C : Fe after the heat treatment can also be interpreted as an increase in the dispersion of the catalyst as the N : Fe ratio remains almost invariant.
This conclusion can be strengthened by the comparison of Z-E curves before and after heat treatment.
In the case of Printex L, in spite of a greater iron content, the presence of multilayers of more than two layers is sufficient to block the electrochemical reaction. A Koutecky-Levich plot (l/Z vs. w-'/~) at different potentials can be obtained, suggesting an adsorption limiting process [17] coupled with electronic charge transfer which is absent in the case of Printex XE2 whether heat treated or not (where the diffusion process is coupled with the transfer). The adsorption rate seems to be more rapid in thle case of Printex XE2 which has a mono-or bilayer thickness than with Printex I, which consists of multilayers.
These results derived from the N:Fe ratio compared with the theoretical ratio indicate that 20%-25% of the naphthalocyanine remain in the FeNPc form which itself is in the form of small islands of monoatomic layers in the two cases explored.
Whereas iron is present at a valency of II in the Printex XE2 case and III in the Norit BrX, this difference did not change the performances as the number of NPcFe(l-2) active sites remains identical. The: reaction path and kinetic constants are independent of whether the valency is II or III. In the presence of multilayers consisting in a stacking of more than one monolayer (Printex L case), the significant amount of iron corresponds to a drop in activity, showing that not all the iron sites are electrocatalytically active. In contrast, the activity of iron sites can be different whenever the impregnation is present in the form of a monoatomic layer or in the form of small islands of molecules in monoatomic layer form. The coincidence of the remaining iron in the Norit BrX and Printex XE2 shows that, with a certain BET surface or DBP adsorption, the effect of the heat treatment is to reinforce the bonding between the iron and the substrate directly or via the four inner nitrogen atoms independently of the texture of the carbon black or active charcoal unless the conductivity is maintained. According to the N,, spectra, the deformation effect of the FeNPc(l-2) molecules on the activity and stability seems to depend strongly on the reactivity of the inner nitrogen atoms with the substrate.
Whereas a single peak is visible in the isolated molecule (without any support) the peaks found in the impregnated cases revealed by their splitting a chemical interaction between the substrate and the FeNPc(l-2) isomer mixture. Two limiting cases have to be taken into consideration. (a) When the peak intensity at 400.3 eV is equal to that located at 398.6 eV with a broadening of the spectra, we observed a complete loss of iron (Norit SA Plus) that is also the case for heat-treated FeNPc(2-3)/Norit BrX [7] . (b) When the N,, spectra are less modified with respect to the isolated molecule, the iron remains present but inactive with multilayer formation. This result has already been observed with an inactive carbon black (ExCH4) [22] .
The active samples correspond to a peak located at 400.3 eV with a peak ratio Z400,3/1398.6 equal to about 0.5 for carbon blacks, the peak width being slightly narrowed. This result would suggest an optimum oxidation of the inner nitrogen atoms directly linked to iron.
If we compare our results with those given in refs. 4 and 7 with a sufficient BET surface (or DBP adsorption),
we observe an improvement in the dispersion of the catalyst.
The formation of multilayers leads to a drop in activity (Printex L case compared with Printex XE2 and heat treatment effect on Printex XE2). The comparison of the results presented here with those given in ref. 12 showed that the calculations performed by Scherson and coworkers, where the effect of the support has not been examined, seem to be invalid. However, the oxidation of the inner nitrogen atoms after the heat treatment also reported in the BrX case results in a substantial modification to the environment of the electronic density of the iron and a tuning of the dr and d =Z orbitals of iron with r and rr* orbitals of 0, which should lead to a non-limiting 0, adsorption rate from the frontier orbital theory [23] .
(V) CONCLUSIONS
We have seen above that in the literature there exist four types of interpretation concerning the activity and stability of macrocyclic compounds after heat treatment.
In our case, several points seem to be involved. In particular, on the basis of the XPS results a dispersion improvement seems to occur in the case of carbon blacks with a large DBP adsorption surface which can explain the increased electrocatalytic activity and stability.
With the same BET surface as active charcoals, a better dispersion is realized on carbon blacks.
For a small loading around lo%, the carbon blacks, with a small BET surface or DBP adsorption, give rise to multilayers or crystallite formation and yield lower activity.
In each case of impregnated FeNPc(l-21, according to the deformation of the N,, spectrum, an oxidation reaction of the FeNPc molecule with the substrate is clearly visible. An optimum deformation is characteristic of samples which display high electrocatalytic activity. The significant deformation of the N,, spectra seen on active charcoal is accompanied by a complete loss of iron. In the case of the weakest deformation of the N,, spectra, the 0, adsorption rate is smaller and the multilayer formation results in a weaker electron transfer.
The optimum condition of 0, electrocatalysis requires, in any case, the retention of Fe-N, unity.
